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Abstract
The latest experimental results from the LHC and dark matter (DM) searches suggest
that the parameter space allowed in supersymmetric theories is subject to strong reduc-
tions. These bounds are especially constraining for scenarios entailing light DM particles.
Previous studies have shown that light neutralino DM in the Minimal Supersymmetric
Standard Model (MSSM), with parameters defined at the electroweak scale, is still viable
when the low energy spectrum of the model features light sleptons, in which case, the
relic density constraint can be fulfilled. In view of this, we have investigated the viability
of light neutralinos as DM candidates in the MSSM, with parameters defined at the grand
unification scale. We have analysed the optimal choices of non-universalities in the soft
supersymmetry-breaking parameters for both, gauginos and scalars, in order to avoid the
stringent experimental constraints. We show that light neutralinos, with a mass as low
as 25 GeV, are viable in supergravity scenarios if the gaugino mass parameters at high
energy are very non universal, while the scalar masses can remain of the same order.
These scenarios typically predict a very small cross section of neutralinos off protons and
neutrons, thereby being very challenging for direct detection experiments. However, a
potential detection of smuons and selectrons at the LHC, together with a hypothetical
discovery of a gamma-ray signal from neutralino annihilations in dwarf spheroidal galax-
ies could shed light on this kind of solutions. Finally, we have investigated the naturalness
of these scenarios, taking into account all the potential sources of tuning. Besides the
electroweak fine-tuning, we have found that the tuning to reproduce the correct DM relic
abundance and that to match the measured Higgs mass can also be important when
estimating the total degree of naturalness.
1 Introduction
Weakly-interacting massive particles (WIMPs) are a very appealing kind of candidates to
solve the dark matter (DM) problem, since generally they would be thermally produced
in the correct amount in the early Universe. Among them, light WIMPs have received
much attention in the last years in view of some direct [1–7] and indirect [8–22] detection
experiments which might be seeing hints pointing towards a light DM particle.
However, these potential signals are being challenged by the null observations of other ex-
periments. Several collaborations for DM direct detection have been able to place important
constraints generally excluding the DM interpretation of these signals under certain assump-
tions. The most stringent bounds come from LUX [23–26], PandaX-II [27], XENON [28–30],
CDMS [31,32], SIMPLE [33], KIMS [34], CRESST [35], a combination of CDMS and EDEL-
WEISS data [36] and SuperCDMS [37,38]. Furthermore, indirect detection experiments also
provide an important constraint for low mass DM. Probably, the most important constraint
for light WIMPs comes from the non detection of dwarf spheroidal galaxies (dSphs) in gamma
rays by the Fermi-LAT collaboration [39, 40]. Although, under certain assumptions on the
Milky Way DM profile, the Galactic centre provides a very stringent constraint as well [41].
The dSph limits exclude WIMPs with a thermal cross section (3×10−26 cm3/s) up to masses
around 100 GeV. Moreover, the DM interpretation of the potential hints from the Galactic
centre [8–22] are seriously challenged by this analysis.
On the theoretical side, there have been efforts in constructing well motivated theoretical
models to explain the direct detection potential signals. In this context, neutralino DM in
Supersymmetric theories is one of the best motivated candidates. Light neutralino DM has
been studied in the most appealing realisations of Supersymmetry (SUSY) at the Electroweak
(EW) scale such as the Minimal Supersymmetric Standard Model (MSSM) [42–51, 53, 54],
the Next-to-MSSM (NMSSM) [44, 46, 55–63], and some minimal extensions of the NMSSM
[63–66]. Furthermore, some regions of the parameter space of these models are still viable in
light of the most recent experimental constraints [50,51,53,54,61–63,65,66].
Nevertheless, an important question that still remains unanswered is whether or not these
effective Supersymmetric models can have a viable origin from a Supergravity (SUGRA)
theory defined at the Grand Unification (GUT) scale. This is an interesting question since
a conventional way of understanding the source of the soft supersymmetry-breaking terms is
the breaking of Supergravity at a high energy scale. Moreover, by identifying the structure
of the boundary conditions at the GUT scale, we could understand and quantify the degree
of non-universality that is needed for having viable light neutralino DM, and hence providing
a more accurate idea about the naturalness of these scenarios. The aim of this work is thus
analysing if solutions with low-mass neutralinos in the MSSM can be achieved from a theory
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defined at the GUT scale and how natural these solutions are. We show that obtaining light
neutralinos which are viable dark matter candidates is actually possible from the point of
view of SUGRA theories with soft terms defined at the GUT scale. Furthermore, we have
determined the important role of non-universalities in the structures of the soft parameters
and discussed the possibility of discovering these solutions by means of the LHC and indirect
detection experiments.
Another important issue that concerns MSSM scenarios is naturalness. Since the original
motivation for SUSY models was precisely to avoid the huge fine-tuning associated with the
hierarchy problem, we have performed a precise calculation of all the potential sources of
fine-tuning in the MSSM. We have considered not only the contribution arising from the
electroweak symmetry breaking condition, but also those required to reproduce different
experimental and observational results such as the Higgs mass and the DM relic abundance.
Finally, we have estimated the total amount of fine-tuning present in those solutions allowed
by the experimental data.
This paper is organised as follows. In Section 2, we summarise the conditions under which
very light neutralinos can be viable dark matter candidates in the MSSM with parameters
defined at the EW scale. Then, in Section 3, we investigate whether these conditions can also
be obtained from a high-energy description of the theory. We analyse a general Supergravity
model and investigate the choices of non-universal gaugino and scalar masses that can produce
viable neutralinos with very light masses without violating any experimental constraint. We
also study the phenomenology of these scenarios in the context of direct and indirect DM
searches. Besides, in this section we study the constraints coming from the LHC data,
namely, from searches involving direct EW production of charginos, selectrons and smuons.
In Section 4, we summarise and calculate each of the contributions to the fine-tuning present
in these scenarios, as well as the total amount of fine-tuning. Finally, the conclusions are left
for Section 5.
2 Low-mass neutralinos in the effective MSSM
Several studies [42–48,50–54] have shown that a low-mass neutralino in the MSSM is a viable,
albeit very fine-tuned, DM candidate. All the analyses performed after the Higgs boson
discovery at the LHC consider the soft supersymmetry-breaking terms as input parameters
defined at the SUSY scale. This is a framework often referred to as effective MSSM [42],
which exhibits a large flexibility since it does not incorporate any correlation among these
parameters (although simplifying arguments are usually made).
In order for the neutralinos, χ˜01, to be viable DM candidates they have to reproduce the
correct value for their thermal abundance, Ωχ˜01h
2, which is actually non trivial in the MSSM,
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in particular when they are light. In the MSSM, within the regions of the parameter space
where neutralinos are lighter than 50 GeV, there exist three dominant ways in which light
neutralinos can annihilate efficiently. The first annihilation mechanism involves the exchange
of CP-odd Higgses, the second involves the exchange of a Z boson and, finally, the correct
relic density can also be achieved through the t-channel exchange of sleptons.
For neutralinos lighter than approximately 25 GeV, the first mechanism is the most
efficient one and the relic density condition is fulfilled if mA0 is around 100 − 150 GeV and
tan β is 6 − 14 [42, 43, 45]. Since the CP-odd Higgs mass and tan β parameters control the
mass scale of the Higgs sector, the requirement of such light mA0 pushes the entire Higgs
sector masses around this value. This scenario, known as intense coupling regime [67], is
very restricted by ATLAS and CMS searches for neutral and charged scalars decaying into
τ -leptons [68,69]. These unsuccessful searches have allowed to place stringent constraints on
this scenario, almost ruling out this possibility. As previously mentioned, another possibility
for neutralinos to account for the observed relic abundance occurs when they annihilate
through the exchange of the Z boson while satisfying the resonant condition, mχ˜01 ≈ MZ/2.
However, this possibility restricts the mass of neutralinos to be in a few GeV range around
the resonance and thus, it does not allow to obtain neutralinos far below this region.
The annihilation through the exchange of sleptons, l˜, occurs in a t-channel diagram with
a leptonic final state. This process is sufficiently efficient when the mediator is light enough.
In Ref. [46], this option was investigated concluding that the sleptons must lie just above
the LEP limit, O(90) GeV, in order for the annihilation to be high, and hence, to fulfil the
relic density constraint. In this scenario, the requirement of a relatively light CP-odd Higgs
boson is not longer necessary which makes easier to evade all the collider constraints [44],
and to yield neutralinos as light as 15 GeV [48, 50, 51]. Other works have pointed out the
possibility that neutralinos could also be as light as 6 GeV if one sbottom is very light, with
a mass splitting between them of a few GeV profiting from coannihilations1 [47]. In view of
the foregoing, hereafter we will focus only on this scenario.
The slepton exchange mechanism benefits especially from the presence of light staus,
namely, their right-handed (RH) component [48]. This occurs specifically, due to an en-
hancement of the coupling of bino-like neutralinos to this component with respect to that
of the left-handed (LH) component. The neutralino coupling to staus can be written as
1This scenario was motivated by the potential hints seen in direct detection experiments. Such a light
sbottom increases considerably the elastic scattering cross section of neutralinos off protons and neutrons.
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follows [50,70]:
gχ˜01τ˜1τLH =
√
2
v2u + v
2
d
(
mZ cos θτ (N11sW +N12cW )−N13mτ sin θτ
cosβ
)
,
gχ˜01τ˜1τRH = −
√
2
v2u + v
2
d
(
2mZ sin θτN11sW −N13mτ cos θτ
cos β
)
,
(2.1)
where N1i is the i-th component of the lightest neutralino in the basis (B˜, W˜
3, H˜0d , H˜
0
u), vu,d
are the vacuum expectation values (VEVs) of the up and down Higgses, respectively, and
finally cos θτ is the stau mixing. Since light neutralinos have to be mostly bino-like, N11 ≈ 1,
in order to avoid the constraints from the Z invisible decay, the coupling to the lightest RH
stau in this case is higher than the corresponding coupling to the LH component. Therefore,
the annihilation cross section of neutralinos through this mechanism will be increased due
to the presence of a RH stau with a mass around 90 GeV, as close as possible to its lower
experimental bound.
The most stringent limits on slepton masses come from LEP [71]. These sparticles were
constrained to have masses me˜ > 100 GeV, mµ˜ > 99 GeV, mτ˜1 > 80.5 GeV and mν˜ > 43
GeV. Notice that the actual limits depend on the neutralino mass, which is assumed to be
the LSP to extract these bounds. Thus, we will incorporate this dependence in our results.
Furthermore, using LHC data is also possible to constrain the mass of the sleptons, namely
through the searches for direct production of selectrons and smuons [72,73].
Other constraints on SUSY particles might also affect the scenario considered along this
paper. For the first two generation of squarks, inclusive searches constrain their mass to be
above 608 GeV, which holds for a compressed scenario [74]. For specific scenarios such as mass
degeneracy in these families, this constraint can be as high as 1.5 TeV [75]. Consequently,
in our analysis we will impose that the first two generation of squarks must be heavier than
1.5 TeV, which is a conservative choice. For the third generation of squarks and the gluino
masses, no restriction will be implemented, since as we will see in Section 3.3, we will analyse
these cases separately.
Finally, low-energy observables are known to constrain severely SUSY theories, and
namely, they can play an important role in this scenario. We will impose the recent mea-
surement of the branching ratio of the Bs → µ+µ− process by the LHCb [76] and CMS [77]
collaborations, which collectively yields 1.5 × 10−9 < BR(Bs → µ+µ−) < 4.3 × 10−9 at 95%
CL [78]. This branching ratio is strongly dependent on the Higgs sector of the model, and
more specifically, on the CP-odd Higgs mass and tan β. In SUSY theories the contributions
to the flavour changing decay process b→ sγ can be very important. We will take the experi-
mental measurement of this observable at 2σ, which requires the range 2.89×10−4 < BR(b→
sγ) < 4.21×10−4, which takes into account theoretical and experimental uncertainties added
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in quadrature [79–83]. It is also known that there exists a discrepancy between the measured
values of the muon anomalous magnetic moment, aµ, and the SM prediction, that can be
interpreted as a hint of SUSY. Although, we have not included this observable as a constraint
in our analysis, we will comment on the prediction of aµ for the solutions found in this work.
3 Low-mass neutralinos in SUGRA theories
As usual, the SUGRA model presented in this paper is defined in terms of the soft super-
symmetry-breaking parameters, which comprise mass parameters for the scalars and gaug-
inos, as well as trilinear parameters associated with the Yukawa couplings. Successful Ra-
diative Electroweak Symmetry-Breaking (REWSB) is achieved by imposing the following
boundary condition on the µ parameter at the EW scale,
µ2 =
m2Hd −m2Hu tan2 β
tan2 β − 1 −
1
2
M2Z , (3.2)
in terms of the Higgs soft mass parameters. The ratio of the Higgs VEVs, tan β, will hereafter
be considered as a free parameter.
In general, the soft SUSY breaking terms arising from a large class of string scenarios,
namely symmetric orbifold constructions, present a certain degree of non universality [84–86].
Furthermore, within some realisation of type I string models is possible to obtain non universal
gaugino masses, A-terms and scalar masses [87]. This motivates us to consider a general
scenario in which some of the soft terms can be different from each other. Moreover, it is
known that in the minimal SUGRA scenario of the MSSM light neutralinos (mχ˜01 . 50 GeV)
are not allowed in light of experimental constraints such as the chargino mass constraint and
the Higgs mass measurement [88,89]. Due to this fact, the first crucial step to find scenarios
comprising light neutralinos is to allow departures from the universal scenario in the gaugino
sector which allow the lightest neutralino to be dominated by the bino component. Bino-like
neutralinos are obtained by lowering |M1| with respect to |M2| and |µ|. These two parameters,
M2 and µ, are involved in the chargino mass matrix, and thus, LEP constraint rules out the
region of the parameter space in which |M2|, |µ| . 100 GeV. From this condition, it follows
that bino-like neutralinos require |M1| . 100 GeV and then mχ˜01 ≃ |M1| at the EW scale.
We will keep a universal relation between M2 and M3 at the GUT scale. In what follows,
to differentiate between parameters evaluated at the GUT and EW scales, unless otherwise
specified, we denote the latter with the upper index EW.
Let us start defining the soft masses and trilinear parameters at the GUT scale. We will
consider a gaugino sector parametrized by
M1, M2 =M3 . (3.3)
6
Parameter Range
M1 [−110, 110]
M2 =M3 [−1000, 1000]
tan β [1.5, 60]
AU [−7000, 7000]
AD 0
AE [−7000, 7000]
mHu [1, 7000]
mHd [1, 7000]
mL˜2 = mL˜1 [0, 7000]
mL˜3 [0, 7000]
mE˜2 = mE˜1 [0, 7000]
mE˜3 [1, 7000]
mQ˜1,2,3 = mU˜1,2,3 = mD˜1,2,3 [0, 7000]
Table 1: Input parameters for the scan defined at the GUT scale. Masses and trilinear
parameters are given in GeV.
Regarding the scalar sector, we will allow departures from universality in the Higgs soft
masses, which in light of Eq. (3.2) control the µ parameter at the EW scale. This has a
profound impact on the phenomenology of the solutions at the EW scale since µ determines
the Higgsino component of the lightest neutralino and therefore the DM phenomenology [90].
In consequence, we have used as input parameters,
mHd , mHu . (3.4)
As mentioned in the previous section, the relic density constraint requires slepton masses
close to the LEP limit, namely, a RH stau mass around 90 GeV at the EW scale. For this
reason, we have considered non-universalities in the slepton soft masses, which at high energy
are described by the following parameters,
mL˜3 , mE˜3 , mL˜2 = mL˜1 , mE˜2 = mE˜1 . (3.5)
Since the LHC limits on the slepton masses are especially stringent for the first and second
generations, we have taken the soft masses of these two generations as degenerated, while the
third generation parameters are free to vary independently.
For the squarks soft masses, we have assumed universality so that they are given at the
GUT scale by just one free parameter,
mQ˜1,2,3 = mU˜1,2,3 = mD˜1,2,3 = mQ˜ . (3.6)
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Figure 1: Universality patterns in the scalar and gaugino sectors. All points fulfil the experimental
constraints from the Higgs sector, LEP limits on new particles, relic density and direct detection
searches. Points excluded by dSph bounds for a τ+τ− final state are shown in grey, solutions
excluded by LHC searches for sparticles in cyan and points fulfilling all the experimental constraints
are shown in blue. Circle points (©) correspond to solutions with M1 > 0, M2 > 0 and AU < 0,
whereas triangles (△) represent those with M1 < 0, M2 < 0 and AU > 0.
Finally, the three trilinear parameters AU , AD and AE are considered family independent.
Particularly important is the top trilinear, AU , which controls the Higgs mass and affects very
strongly the BR(Bs → µ+µ−) [91]. The slepton trilinear term, AE , might play an important
role through the stau mixing. For the down type squarks, we have chosen AD = 0. This
parameter controls the mixing of the down sector and might modify radiative corrections
to the Higgs mass at large tan β, which would result in an increase of the Higgs mass [92].
This could be important to achieve a Higgs mass around 125 GeV. However, the large tan β
regime is disfavoured by flavour constraints, and thus we would expect that this choice does
not have an impact on the scenarios investigated throughout this paper2. Therefore, we have
considered the following trilinear parameters as inputs,
AU , AD = 0, AE . (3.7)
Following these criteria, we have performed a scan over the MSSM parameter space where
the aforesaid input parameters are varied according to Table 1. In order to efficiently explore
2Notice that some flavour constraints such as BR(Bs → µ
+µ−) scale as 1/m4A0 and hence could be also
avoided for large pseudoscalar masses.
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the 12-th dimensional parameter space considered, we have used MultiNest 3.10 [93–95].
To that end, we have built a likelihood function, whose parameters are the neutralino relic
density consistent with latest Planck results [96], mH01 , BR(Bs → µ
+µ−), and BR(b → sγ),
calculated with micrOMEGAs 4.3 [97, 98], and taken as Gaussian probability distribution
functions around the measured values with 2σ deviations. This likelihood function is used
to generate MCMC and to find regions of the parameter space that maximise the likelihood.
Using MultiNest allows us to scan the parameter space of the model more efficiently, since
relatively few evaluations are needed to converge to regions of maximum likelihood. Let us
clarify at this point that a statistical approach to the problem presented here is out of the
scope of this work. Our aim is to provide an answer to whether or not light neutralinos can be
obtained from a general SUGRA scenario, not how statistically favoured are these scenarios in
light of the current experimental data. Other constrains such as those coming from direct and
indirect DM searches have been included once the solutions have been found and thus, they
are not used to generate the MCMC. To evolve from the GUT scale down to the EW scale the
input parameters, we have used SoftSUSY 3.7.2 [99]. All collider constraints, including those
from LEP, Tevatron and the LHC, have been implemented using the interfaces available in the
micrOMEGAs 4.3 code to different tools [98]. More specifically, the constraints on the Higgs
sector were implemented through the codes HiggsBounds [100,101], HiggsSignals [102] and
Lilith [103], LEP limits were imposed through the functions provided by micrOMEGAs 4.3,
and finally LHC constraints on SUSY particles have been calculated with SModelS [104,105].
For convenience, let us define the ratios,
rG ≡ M2
M1
, rH ≡ mHd
mHu
, rE˜ ≡
mE˜3
mE˜2
, (3.8)
which measure the departure from universality in the gaugino, Higgs and slepton sectors,
respectively. In Figure 1, we show the values of these ratios for all the solutions found fulfilling
the experimental constraints from the Higgs sector, LEP limits on new particles, relic density
and direct DM searches. Points excluded by Pass 8 data from dSphs are displayed in grey,
those excluded by LHC searches for SUSY particles are shown in cyan and the solutions that
fulfil all the experimental constrains in blue. Finally, circular shaped points (©) correspond
to solutions in which M1 > 0, M2 > 0 and AU < 0, whereas triangle shaped points (△)
represent those with M1 < 0, M2 < 0 and AU > 0.
In the left panel of Figure 1, we have plotted rG versus rE˜. As it can be seen, all viable
points exhibit a precise relation between gaugino masses, 2.5 . rG . 12. As stated above, the
chargino mass is proportional toMEW2 , and it is restricted by LEP null searches which results
in rG > 1 (the universal value). On top of that, our choice M2 =M3 yields M
EW
2 ≃ 3MEW3 ,
and thus the lower bound on the gluino mass forbids M2 below ∼ 250 GeV (see Figure 2).
All this together is translated into values of rG & 2.5. On the other hand, the ratio of slepton
soft masses, rE˜, is much less constrained. The relic density constraint, which prefers a light
9
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Figure 2: Spectrum of the soft masses at the GUT scale. Regions shaded in blue correspond
to the points fulfilling all the experimental constrains, solutions excluded by LHC searches for
sparticles and dSph bounds are shaded in cyan.
RH stau, favours mE˜3 to be below the LEP constraint
3 and hence it is found close to the
lower edge of the scan range (see Figure 2). On top of this, the values of mE˜2 = mE˜1 are
affected by the ATLAS bound on the first and second generation of sleptons which clearly
generates rE˜ < 1. However, since we are allowing AE to be a free parameter
4, the slepton
masses can be deeply influenced by it, rendering into a less constrained rE˜ ratio.
In the right panel of Figure 1, rH is plotted versus tan β, with the same colour code as
the left panel. In this plane, we can see that the relation between the Higgs soft masses is,
in general, surprisingly close to the universal value. The values of tan β found are in the
range 6-27, which is mainly a consequence of the Higgs mass bound because in this range the
maximal mixing scenario is reached.
Let us comment that when universal relations between the soft parameters at the GUT
scale are taken, it is has been pointed out that the SM-like Higgs mass requires |AU/mQ˜| > 2
[107]. Unlike this, we have obtained points with the correct Higgs mass with |AU/mQ˜| < 2
due to the flexibility provided by assuming non universality. For the slepton sector, we have
found that in general our solutions accumulate around |AE/mE˜3 | ≈ 5, but they can reach
very high values when the soft mass mE˜3 < 10 GeV and |AE | is at the TeV scale.
In Figure 2, the spectrum of soft masses at the GUT scale is shown. Notably, we observe
3The running of this parameter is positive [106].
4Remind that this parameter is taken as family independent.
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Figure 3: Spectrum of physical masses. Colour code as in Figure 2.
that low-mass neutralinos require a definite type of spectrum. Most of the allowed solutions
comprise soft masses at the GUT scale in the range of 10 GeV and 1 TeV, being lighter,
in general, the soft masses corresponding to the slepton sector. This translates, at the EW
scale, into spectra that can be taken as representative of these scenarios, as it can be ob-
served in Figure 3. More specifically, these scenarios comprise a gap between the EW sector,
represented by the sleptons and the lightest neutralino, and the coloured sector which is sited
at the TeV scale as a consequence of the LHC null searches. As we will see later, this kind of
scenarios can be explored at the LHC by means of searches involving EW direct production.
Finally, the presence of relatively light smuons, charginos and neutralinos, as well as
large values of tan β, produce sizeable SUSY contributions to the muon anomalous magnetic
moment. From e+e− data, the SUSY contribution to this observable is constrained to be
10.1 × 10−10 < aSUSYµ < 42.1 × 10−10 at 2σ. However, tau data favour a slightly smaller
discrepancy, 2.9 × 10−10 < aSUSYµ < 36.1 × 10−10 at 2σ [108], while a more recent update
using the Hidden Local Symmetry model leads to 16.5 × 10−10 < aSUSYµ < 48.6 × 10−10 at
2σ [109]. We have checked that most of the solutions found satisfying all the experimental
constraints cluster around aSUSYµ ≈ 20 × 10−10, in great agreement with all the mentioned
data sets. Only a subset of these solutions fall well below 10−10, but these are still within the
2σ lower bounds. This is a consequence that arises from the presence of a light EW sector
in the allowed solutions (see Figure 3).
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Figure 4: Left: Theoretical predictions for ξσSI
χ˜01−p
as a function of the neutralino mass using the
same colour code as in Figure 1. As a reference, we have included the current constraints from
LUX (solid violet line) and PandaX-II (solid black line), and the future prospects of LZ(dot-dashed
line) and Xenon 1T (dashed line). In addition, the irreducible neutrino background is shown as a
yellow region at the bottom of the plot [115]. Right: Spin independent cross section off protons,
ξσSI
χ˜01−p
, as a function of the spin dependent cross section off neutrons, ξσSD
χ˜01−n
. The colour code
is as in the left panel.
3.1 Direct detection
Direct DM searches are based on the elastic scattering of DM off nuclei inside a detector. For
any WIMP candidate, the WIMP-nucleus elastic cross section depends, at the microscopic
level, on the WIMP-quark interaction strength. For the MSSM neutralino (and in general for
any Majorana fermion, neglecting momentum and velocity suppressed operators, the effective
Lagrangian describing this interaction reads
Leff =
∑
qi
αqiχ¯χq¯iqi + ξqiχ¯γ5γµχq¯iγ5γ
µqi , (3.9)
where the sum runs over the six quarks, and the coefficients αqi and ξqi can be found in
Refs. [116,117]. The first term in Eq. (3.9) corresponds to the scalar interactions, which con-
tribute to the spin-independent (SI) interactions, and the latter, the axial-vector interactions,
contribute to the spin-dependent (SD) interactions.
For the SI interactions, the neutralino-nucleon cross section can be written as
σSIp,n =
4µ2p,n
π
f2p,n , (3.10)
12
where µp,n is the neutralino-nucleon reduced mass and p, n stand for protons and neutrons,
respectively5. These parameters can be further decomposed as,
fp,n
mp,n
=
∑
qi
fp,nqi
αqi
mqi
, (3.11)
where mqi is the corresponding quark mass. The parameter αqi represents the effective
coupling of neutralinos to quarks, and it must be calculated for the elastic scattering of neu-
tralinos off quarks mediated by CP-even Higgs bosons and squarks [116]. The fp,nqi terms
parametrize the quark content of the nucleon for either protons and neutrons. These quanti-
ties depend on the light quark mass ratios (mu/md and ms/md), the pion sigma term σpiN ,
and the operator σs = ms〈p|s¯s|p〉 [117]. For our calculations, we have used the values from
the latest version of the micrOMEGAs code [98]. Nevertheless, it is important to remark that
these parameters are extracted using lattice QCD calculations, and hence, are subject to
important uncertainties that can affect the elastic scattering cross section [111]. It is also
worth mentioning that for SD interactions the uncertainties related to the calculation of the
SD structure functions can lead to important differences in the theoretical predictions of the
differential event rate of the elastic scattering of neutralinos off a nucleus as well [112].
In Figure 4 (left panel), the SI elastic scattering cross section of the lightest neutralino
off protons, ξσSI
χ˜01−p
, is shown versus the lightest neutralino mass. The fractional density,
ξ = min[1,Ωχ˜01h
2/0.11], is included to account for the reduction in the direct detection rate
in the cases where the neutralino only contributes to a fraction of the total DM density,
assuming that it is present in the DM halo in the same proportion as in the Universe6.
Unfortunately, from the experimental point of view, the SI cross sections predicted for these
scenarios are remarkably small, even out of the reach of future experiments like Xenon 1T [113]
(dashed line), only LZ [114] (dot-dashed line) could probe a small fraction of our results.
However, there would be a chance to detect them via direct detection experiments since
these solutions are above the so-called irreducible neutrino background [115]. The bino-like
nature of the lightest neutralino, N211 ≈ 1, resulting fromM1 ≪M2, µ, decreases the coupling
to the scalar Higgs, which is proportional to the Higgsino components, N13 and N14. The
remaining contribution to the cross section arises from the squark s-channel exchange. The
cross section corresponding to this interaction is proportional to
σSI
χ˜01−p
∝ |N11|
4
m4q˜
, (3.12)
and hence, the LHC bounds on the squark masses are translated into a strong decrease of
this cross section.
5Notice that the same can be done for the SD interactions. For instance see Ref. [110].
6The use of ξ in this case is not very important since most of the solutions found do not present a relic
abundance below 0.1.
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In Figure 4 (right panel), we show the SI cross section off protons versus the SD cross
section off neutrons7. As it can be seen, the SD cross section predictions found for these
solutions are very small, and in general would not contribute to the differential event rate
more than the SI contribution. The main contribution to the SD cross section comes from the
t-channel Z boson exchange, but the coupling of neutralinos to the Z boson is proportional
to the Higgsino mixing. Therefore, this cross section is suppressed as well.
It is worth noting that predictions for direct detection cross sections are a consequence of
the REWSB boundary condition of Eq. (3.2). All the solutions experimentally allowed entail
values of µ at the TeV scale, which along with the fact that low-mass neutralinos have a
relatively low value of M1, pose a difficult challenge for direct DM searches. This is, indeed,
the main difference with solutions found in Refs. [46,50] with soft parameters at the EW scale.
The amount of the Higgsino component found in these solutions increases substantially the
cross sections through the t-channel Higgs exchange.
3.2 Indirect detection
As already stated, the predictions of these scenarios for direct DM searches are strongly
influenced by the µ parameter value, and hence are very low, out of the reach of the current
experiments. Nonetheless, it is known that thermal relics generally predict annihilation cross
sections in DM haloes that lie in the ballpark of the current searches, especially for light
DM candidates. Since in the scenarios presented here neutralinos are thermally produced in
the early Universe, indirect detection experiments might provide a hopeful window to probe
these scenarios.
To estimate the thermally averaged cross section, usually an expansion in powers of
x ≡ T/m is employed. In this approximation, the annihilation cross section times the relative
velocity can be written as 〈σv〉 ≃ a + 6bx, which holds for non-relativistic particles at the
freeze-out temperature as long as there are not s-channel resonances and thresholds for new
final states. In the case studied here, this approximation can be safely used, at least to extract
interesting features about expected values8. In the limit of vanishing stau mixing, the a and
b parameters can be written as follows [50]
a =
m2
χ˜01
8π
[
gχ˜01τ˜1τRgχ˜01τ˜1τL
(m2
τ˜01
+m2
χ˜01
)
]2
,
b ≈
m2
χ˜01
48π
[
(g4
χ˜01τ˜1τR
+ g4
χ˜01τ˜1τL
)(m4
τ˜01
+m4
χ˜01
)
(m2
τ˜01
+m2
χ˜01
)4
]
.
(3.13)
7Xe-based experiments are mostly sensitive to the neutron component of the SD cross section.
8Our results make use of the whole numerical calculation provided by micrOMEGAs.
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Figure 5: Thermally averaged neutralino annihilation cross section in the galactic halo, ξ2〈σv〉0,
as a function of the neutralino mass. The solid line corresponds to the upper bound on 〈σv〉
derived from an analysis of dSph galaxies for pure τ−τ+ using the Pass 8 reprocessed data set.
The dotted line corresponds to the expected sensitivity of the LAT experiment [119], and the
dashed line stands for the Planck limits [118]. The colour code is as in Figure 1.
On the one hand, in this limit the a parameter, known as the s-wave contribution, is pro-
portional to the Higgsino mixing, and thus it can be neglected. On the other hand, the b
parameter, known as the p-wave contribution, is going to dominate the cross section. How-
ever, a cross section dominated by the p-wave term is temperature suppressed, by a factor
T/m. This means that, when the temperature decreases the annihilation cross section de-
creases as well. Therefore, the annihilation in DM haloes is suppressed relative to that of the
early Universe and a lower gamma ray flux is expected (with respect to the canonical cross
section, 3× 10−26cm3/s).
In Figure 5, the theoretical predictions for the thermally averaged cross section of neu-
tralinos in the Galactic halo, ξ2〈σv〉0, as a function of its mass are depicted. The fractional
density is included squared because the annihilations of neutralinos in the halo depend on
its density squared. The main annihilation channel is driven by the exchange of a light RH
stau which yields a pair of τ -leptons in the final state. In order to compare our findings
with current limits, we have also included those from dSph galaxies by Fermi-LAT collab-
oration (solid line) for a τ+τ− final state [40] and the Planck bounds (dashed line) [118].
Despite of the suppressed cross sections respect to the thermal value, we can observe that the
recent Pass 8 data from Fermi-LAT collaboration is starting to probe these scenarios. Inter-
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estingly, the scenarios unconstrained by Pass 8 could be tested in the near future provided
that the Fermi-LAT experiment accumulates more exposure [119] (dotted line). We see that
the prospects are very promising for these scenarios. Most of the solutions corresponding to
M1 < 0 and M2 < 0 (triangles) will be probed by the LAT experiment, and only a small sub-
set of solutions, those with cross sections below 2× 10−27 cm3/s approximately, will remain
hidden.
3.3 LHC searches for SUSY particles
Many of the points entailing light neutralinos are ruled out by LHC searches for SUSY
particles. Even though, some solutions are excluded by direct production of gluinos [120]
and stops [121], the most restricting channels are those involving the electroweak production
of sleptons, charginos and chargino-neutralino par production. Namely, two opposite sign
leptons and missing transverse energy EmissT final states through the processes pp→ χ˜±χ˜∓ →
ll˜νν˜ → χ˜01χ˜01lν and pp → l˜l˜ → χ˜01χ˜01ll entailing chargino and slepton pair production, and
three leptons and missing transverse energy EmissT final states through the processes pp →
χ˜±χ˜02 → ll˜lν˜ → χ˜01χ˜01lν and pp → χ˜±χ˜02 → ll˜νl˜ → χ˜01χ˜01ll involving chargino-neutralino
production [72,73]. The former being the most constraining of these two LHC searches.
As previously mentioned, we have calculated the LHC bounds from SUSY particle searches
with SModelS. In Figure 6, we show the solutions excluded by dilepton (violet) and trilepton
(green) searches, whereas solutions ruled out by gluino and stop limits are displayed in cyan.
Grey points are excluded by Femi-LAT dSph upper limits, illustrating the complementarity
between indirect detection experiments and collider searches, and finally the solutions fulfill-
ing all the experimental constraints are shown in blue. It is worth remarking that there are
points ruled out by more than one channel, mainly by dilepton and trilepton final states, in
those cases we have represented only the most constraining channel. As expected, most of our
excluded results are ruled out by right-handed slepton pair production (see upper-right panel
of Figure 6), in particular by ATLAS results. Note that we have depicted the ATLAS (black
lines) and CMS (light-blue lines) bounds at 95% CL as a reference, since they depend on the
production cross section, and in the chargino production bound m
l˜
= mν˜ = (mχ˜01 +mχ˜±1
)/2
is also assumed.
The latest ATLAS [122] and CMS [123] results at 13 TeV on electroweak production of
SUSY particles in multilepton final states have not being incorporated in our results, since
they do not include slepton pair production, which is the most restrictive process for the
scenarios analysed here. Other LHC bounds that can potentially probe part of our allowed
solutions are the most recent searches for gluino pair production from ATLAS [124] and
CMS [125], and direct stop pair production from CMS [126].
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Figure 6: LHC search for direct slepton and chargino par production. Violet points denote solutions
excluded by ATLAS and CMS dilepton searches, green points are ruled out by CMS trilepton
searches, whereas cyan points are excluded by ATLAS and CMS gluino and stop bounds. Solutions
excluded by Fermi-LAT bounds from dSphs are shown in grey and finally allowed solutions are
depicted in blue. As a reference, we include the 95% CL ATLAS (black lines) and CMS (light-blue
lines) limits on pure left-handed slepton pair production (upper left panel), right-handed slepton
pair production (upper right panel) and chargino par production (bottom panel).
Regarding future colliders, currently, there are no prospects for improving the limits on
the direct production of sleptons, charginos and chargino - neutralino at the high luminosity
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LHC (HL-LHC), when sleptons are not so heavy. These are the most constraining channels
for the scenarios we have studied. Nonetheless, we expect that some of our solutions could
be probed by direct gluino, top and sbottom pair production at the HL-LHC [127–129]. On
the other hand, linear colliders such as the ILC and CLIC can shed light on the scenarios
studied here by the direct production of sleptons, charginos and neutralinos, provided they
have sufficiently large centre of mass energy, they might either measure very precisely their
mass, spin and couplings or push harder the LEP constraints [130–133].
4 Naturalness of SUGRA scenarios
Being the original motivation for low-energy SUSY to solve the hierarchy problem, i.e. the
delicate balance between the soft terms required to reproduce the smallness of the EW scale,
it is interesting to check the degree of naturalness of our solutions in the SUGRA model
considered here. In consequence, we must analyse all the potential sources of fine-tuning that
could affect these scenarios in order to obtain a total estimation of the degree of fine-tuning
of our allowed solutions.
4.1 Electroweak fine-tuning
Let us start by the most important source of fine-tuning and, in fact, the most extensively
studied in the literature, that induced to reproduce the electroweak scale. In what follows,
we summarise the origin and the method to measure the EW fine-tuning in the MSSM, and
then, we compute it for the solutions that fulfil all the experimental constraints discussed in
the previous sections.
In the MSSM, the vacuum expectation value of the Higgs, v2/2 = |〈Hu〉|2 + |〈Hd〉|2, is
given, at tree-level, by the minimization relation given in Eq. (3.2). This expression can be
rearranged as
− 1
8
(g2 + g′2)v2 = −M
2
Z
2
= µ2 − m
2
Hd
−m2Hu tan2 β
tan2 β − 1 . (4.14)
As is well known, the value of tan β must be moderately large, in such a way that the tree-
level Higgs mass, (m2h)tree−level =M
2
Z cos
2 2β, is as large as possible. Otherwise, the radiative
corrections needed to reconcile the Higgs mass with its experimental value, would imply large
stop masses and thus, an extremely fine-tuned scenario.
The absolute value of the terms on the r.h.s. of Eq. (4.14) are typically much larger than
M2Z , thereby giving rise to a potential fine-tuning associated with the electroweak symmetry
breaking. The radiative corrections to the Higgs potential reduce the fine-tuning to a certain
extent, due to the running of the effective quartic coupling of the SM-like Higgs from its
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initial value at the SUSY threshold,9 which hereafter we identify with the low-energy (LE)
scale, λ(QLE) = λ(Qthreshold) =
1
8(g
2 + g′2), down to the value at the electroweak scale,
λ(QEW ). Essentially, this is equivalent to replace M
2
Z → m2h in Eq. (4.14) (for more details,
see Ref. [134]), i.e.
− m
2
h
2
= µ2(LE)− m
2
Hd
(LE)−m2Hu(LE) tan2 β
tan2 β − 1 . (4.15)
From this expression, we will calculate the electroweak fine-tuning. Notice that the terms on
the r.h.s of Eq. (4.15) have to be evaluated at the low-energy scale.
A common practice to quantify the EW fine-tuning is to use the parametrization first
proposed by Ellis et al. [135] and Barbieri and Giudice [136], which for Eq. (4.15) reads
∆
(EW)
θi
=
θi
m2h
∂m2h
∂θi
= −2 θi
m2h
∂
∂θi
(
µ2(LE) − m
2
Hd
(LE) −m2Hu(LE) tan2 β
tan2 β − 1
)
,
∆(EW) ≡ Max
∣∣∣∆(EW)θi ∣∣∣ , (4.16)
where θi is an independent parameter that defines the model under consideration and ∆
(EW)
θi
is the fine-tuning associated with it. Typically, {θi} are the initial (high-energy) values of the
soft terms and the µ parameter.
It is worth emphasising that the value of ∆(EW) can be interpreted as the inverse of the
p-value to obtain m2h from Eq. (4.15) equal or smaller than the experimental value. If θ is
the parameter that gives the maximum ∆(EW) and δθ represents the θ-interval for which
m2h <∼ m
2 (exp)
h , then assuming that the θ parameter has an approximate flat probability
distribution, the p-value can be expressed as
p−value ≃
∣∣∣∣δθθ0
∣∣∣∣ ≡ ∆−1 . (4.17)
We refer the reader to Refs. [134,137] for further details on the statistical meaning of ∆(EW).
In order to use the standard measure of the fine-tuning, Eq. (4.16), it is necessary to write
the r.h.s of the minimization equation (4.15) as a function of the initial (input) parameters of
the model. This, in turn, implies to write the low-energy (LE)10 values of µ2, m2Hu and m
2
Hd
in terms of the initial, GUT scale parameters, which are related through the renormalization
group equations (RGEs). Fortunately, dimensional and analytical consistency dictates the
form of such dependence,
m2Hu(LE) = cM23M
2
3 + cM22M
2
2 + cM21M
2
1 + cA2
U
A2U + cAUM3AUM3 + cM3M2M3M2 + · · ·
9A convenient choice of the SUSY-threshold is the average stop mass, since the one-loop correction to the
Higgs potential is dominated by the stop contribution.
10We recall that the low-energy scale is the scale at which we set the SUSY threshold and the supersymmetric
spectrum is computed, taken here as the average stop mass.
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· · ·+ cm2
Hu
m2Hu + cm2Q3
m2Q3 + cm2U3
m2U3 + · · · , (4.18)
m2Hd(LE) = cm2Hd
m2Hd + cM22M
2
2 + · · · , (4.19)
µ(LE) = cµµ , (4.20)
where the terms on the r.h.s are the soft terms at the GUT scale. The numerical coef-
ficients, cM23 , cM22 , ... are obtained by fitting the result of the numerical integration of the
RGEs to eqs. (4.18, 4.19, 4.20), a task that was performed following the prescription de-
scribed in Ref. [134], this is, considering the different threshold scales involved and two-loop
RGEs. First, we have performed the integration of the SM and MSSM RGEs between the
corresponding scales with SARAH 4.9.1 [138] (see Ref. [134] for further details). Then, we
have calculated the coefficients for a generic MSSM, i.e. a model with the following initial
parameters
Θi =
{
µ,M1,M2,M3, AU , AD, AE ,m
2
Hu
,m2Hd ,m
2
U3
,m2Q3 , · · ·
}
. (4.21)
Next, we have determined the coefficients of eqs. (4.18) and (4.19) for the model analysed
here, applying the relations among the initial parameters indicated in Section 3. Finally, we
have evaluated ∆
(EW)
θi
for our set of initial parameters, namely
Θi =
{
µ,M1,M2, AU , AE ,m
2
Hu ,m
2
Hd
,m2Q,m
2
L2
,m2L3 ,m
2
E2
,m2E3
}
, (4.22)
by using eqs. (4.18) - (4.20) in (4.16) and determined ∆(EW).
The EW fine-tuning for the points that fulfil all the experimental data are shown in
Figure 7. In all cases, the main source of fine-tuning is the µ parameter, which at the LE
scale lies in the range ∼ [1500, 4500] GeV. Remarkably, more than 50% of our solutions have
∆(EW) at the percent level,11 corresponding to those with lower µ(LE), since
∆(EW)µ =
µ
m2h
∂m2h
∂µ
= −4c2µ
µ2
m2h
= −4
(
µ(LE)
mh
)2
. (4.23)
Nevertheless, in the MSSM, there are other implicit potential fine-tunings that have to be
taken into account when evaluating the global degree of naturalness. They stem from the need
of having a physical Higgs mass consistent with m
(exp)
h ≃ 125 GeV and from the requirement
of a large value of tan β. Regarding the latter, moderately large values of tan β generically
require a small value of Bµ at low energy, a fact which entails a cancellation between the initial
value and the radiative contribution from the RGE running. Using Eq. (6.6) of Ref. [134], we
have verified that there is no fine-tuning associated with the values of tan β in our allowed
solutions.
11An ∆(EW) & O(100) corresponds to a fine-tuning at a level . 1%.
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Figure 7: Electroweak fine-tuning as a function of the neutralino mass for all the experimentally
allowed solutions discussed in the previous sections.
4.2 Fine-tuning to obtain the experimental Higgs mass
As is known, in the MSSM radiative corrections to the Higgs mass are needed to reconcile it
with the experimental value. A simplified expression of such corrections [139–141], is
δm2h =
3GF√
2π2
m4t
(
log
(
m2
t˜
m2t
)
+
X2t
m2
t˜
(
1− X
2
t
12m2
t˜
))
+ · · · , (4.24)
with mt˜ the average stop mass and Xt = At(LE) − µ(LE) cot β. The Xt-contribution that
arises from the threshold corrections to the quartic coupling at the stop scale is maximised for
Xt =
√
6mt˜ (Xt ≃ 2mt˜ when higher orders are included). If this correction were not present
heavy stops would be needed (of about 3 TeV once higher order corrections are included) for
large tan β (and much heavier as tan β decreases [142,143]). However, taking Xt close to the
“maximal” value also entails a certain degree of tuning depending on how close to such value
it is required to be. The precision needed depends, in turn, on the values of tan β and the
stop masses [134].
To illustrate this potential fine-tuning, we have let At(LE) vary freely for four of our
allowed solutions with different average stop masses in Figure 8. Three of them correspond
to points of the parameter space with AU < 0 and mt˜ = 1 TeV, 1.5 TeV and 2 TeV, and the
other case to AU > 0 and mt˜ = 1.25 TeV. The shaded regions and solid lines denote the Xt
range for which mh ≥ m(exp)h . Dashed lines show that, in fact, there are four possible values
of Xt for which mh lies in the interval, m
(exp)
h = 125± 2 GeV (the uncertainty is mainly due
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Figure 8: The Higgs mass as a function of Xt for different average stop masses for four of our
allowed solutions, three of them with AU < 0 and mt˜ = 1 TeV, 1.5 TeV and 2 TeV, and one
with AU > 0 and mt˜ = 1.25 TeV. The grey band denotes the uncertainty on the Higgs mass,
m
(exp)
h = 125 ± 2 GeV. Solid lines and shaded regions correspond to the range of variation in
At(LE) to achieve the experimental Higgs mass. Dashed lines are drawn for completeness to show
that there are four possible Xt values to obtain a Higgs mass within the theoretical uncertainty.
The inset plot illustrates the criterion to determine the p-value measure of the fine-tuning to
obtain m
(exp)
h for the solution with AU > 0 and mt˜ = 1.25 TeV.
to the theoretical calculation)12. Note that for mt˜ ∼ 1 TeV and Xt < 0 (solid violet line),
we require an almost precise value of At(LE), around ∼ −2.5 TeV to achieve m(exp)h (see the
small shaded violet region)13. On the contrary, for mt˜ & 1.25 TeV (see shaded green, cyan
and blue regions), no accurate arrangement is needed since a broad range of Xt values is
allowed, e.g. for mt˜ ≃ 1.25 TeV, At(LE) could take values in the range ≃ 3± 0.5 TeV.
The aforementioned fine-tuning is independent of that required to obtain the correct
electroweak scale; therefore, if both tunings are present we must properly combine them
[134]. From Figure 8, we can infer that some of our solutions could undergo this tuning.
Consequently, we have to quantify it, with a method that has a similar statistical meaning
as the measure used for the EW fine-tuning. We have adopted the criterion described in
Ref. [134], which states that the fine-tuning is well estimated by the p−value of obtaining
12Notice that the Higgs mass computation vary according to the code used, which could affect our fine-tuning
estimation (see for instance [144]). For this reason, we have assumed a 2 GeV uncertainty on mh.
13Remind that we are in a moderately large tan β regime (see Figure 1, right-hand panel), then we can
approximate Xt = At(LE)− µ(LE) cot β ≃ At(LE).
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mh ≥ m(exp)h , i.e.
p−value =
∫
mh≥m
(exp)
h
dmh P(mh) , (4.25)
where P(mh) is the probability of a Higgs mass value, given by
P(mh) =
∣∣∣∣ dXtdmh
∣∣∣∣P(Xt(mh)) , (4.26)
with P(Xt) the probability distribution of Xt values.14 Then, the fine-tuning is evaluated as
the inverse of the p-value. Note here that Xt ≃ At(LE) is a low-energy quantity and thus a
prior on it can not be defined. Strictly speaking, the prior should be assumed on the initial,
GUT scale parameters that determine the value of At(LE), (i.e. AU and M2, since for the
model analysed here At(LE) ≃ cM2M2 + cAUAU ), in a similar way to the previous section.
The criterion adopted here for the the p-value measure is as follows. Assuming a flat
prior on AU andM2, we have obtained a range of Xt values that yield different Higgs masses,
similar to those of Figure 8. Next, we have determined the Xt interval, ∆Xt, for which we
reach the minimum Higgs mass within the 2 GeV uncertainty considered throughout this
work. Finally, we have computed the Xt value that maximises mh in this interval, X
max
t (see
inset plot in Figure 8), and evaluated the p-value as
p−value =
∣∣∣∣ ∆XtXmaxt
∣∣∣∣ . (4.27)
Following this method, we have calculated the fine-tuning to achieve the measured Higgs
mass. In Figure 9, we show our results as a function of the average stop mass. Notice that
for mt˜ & 1200 GeV, (p−value)−1 is O(1), this means that in this mt˜ range, and taking into
account the two previously described sources of fine-tuning, the only important contribution
is that associated with the electroweak scale. On the other hand, for solutions with mt˜ .
1200 GeV, even though they exhibit a mild fine-tuning to obtain m
(exp)
h , their total fine-
tuning will grow more than one order of magnitude, when combined with ∆(EW). Indeed,
these points correspond to solutions with ∆(EW) at the percent level, leading to a total
fine-tuning at the per-mil level or even worse in a few cases.
4.3 Fine-tuning to reproduce the DM relic abundance
Besides the fine-tunings described above, there is another potential source of fine-tuning
related to the generation of the right amount of DM in the Universe, since a delicate balance
between a-priori-independent quantities might be required in order to reproduce it. In such
14For a range of mh values, there are four Xt values for which mh = m
(exp)
h (see Figure 8), so P(mh) is the
sum of four terms, corresponding to those solutions.
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Figure 9: The fine-tuning to obtain the experimental Higgs mass as a function of the average
stop mass, for the solutions that fulfil all the experimental constraints.
a case, we should combine this fine-tuning with that of the EW scale and, if it exists, with
that to match the measured Higgs mass, to select the regions of the parameter space that are
globally less fine-tuned.
The light neutralinos analysed in this work, are bino-like, specifically they are bino-
Higgsino, which requires a certain degree of well-tempering that could entail a fine-tuning.
As argued in Ref. [145], the “standard measurement” of fine-tuning, which for the DM relic
abundance reads
∆(DM) =
d log ΩDM
d log θ
, (4.28)
is not appropriate for this kind of scenarios, and we have to evaluate the p-value associated
with the smallness of ΩDM. Therefore, we can estimate ∆
(DM) with the inverse of the p-value,
i.e. for a bino-Higgsino admixture
∆(DM) = (p−value)−1 = |M1|
2|µ − |M1|| . (4.29)
From this expression, we conclude that there is no tuning needed, since µ ≫ |M1| and
consequently ∆(DM) ≪ 1.
Nonetheless, the scenarios analysed throughout this paper not only depend on the well-
tempered bino-Higgsino, but as we have seen previously, they also rely heavily on the presence
of light RH-like staus. This is due to the fact that the relic density is produced mainly by
neutralino annihilation into τ+τ− through stau exchange. The existence of this final state
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is controlled by mτ˜1 , which should be large enough to avoid the LEP limit and sufficiently
small to provide the dominant annihilation channel. Therefore, we once again adopt a p-
value criterion, which has been proved to be a sensible measure of ∆(DM) [145], based on this
observable. For a given solution of the parameter space with the lightest stau mass, m0τ˜1 , the
p-value reads
p−value = ∆mτ˜1
m0τ˜1
, (4.30)
where ∆mτ˜1 is the mτ˜1 interval for which Ωχ˜01h
2 ≤ Ω(obs)DM h2 and the main annihilation final
state in the early Universe is τ+τ−. Figure 10 highlights the use of this criterion for one of
our allowed solutions. We can observe how the LEP bound shrinks significantly the value of
∆mτ˜1 , which otherwise would lead to a mild fine-tuning. The upper limit on the stau mass
is given by requiring the correct relic abundance and the channel mediated by τ˜1 being the
dominant annihilation final state.
To apply this measure to our data, we have to assume a flat prior on the initial GUT scale
parameters, that play a role in the determination of mτ˜1 , and tan β in a similar way as in the
previous fine-tuning computations. Accordingly, the parameters that should be selected are
those that will determine m2E3(LE), m
2
L3
(LE), Aτ (LE) and µ(LE). To be more concrete,
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the subset of initial parameters we should considered for this calculation are15
Θi =
{
µ,M1,M2, AE ,m
2
L3
,m2E3 , tan β
}
. (4.31)
Let us at this point to comment on the subtleties that we must take into account to
proceed correctly. On the one hand, notice that µ is not a free parameter of our scan but it
is the result of the REWSB, for this reason we need to enlarge the set of θi parameters in
Eq.(4.31) to consider those that will impact on the value of µ(LE). It is worth mentioning
that in the SUGRA scenarios investigated here, M2 will affect both µ(LE) and m
2
L3
(LE).
On the other hand, when computing the fine-tuning in a quantity, say ΩDM, without taking
into account all the potential constraints (in this case that of the EW scale, being G(θi) = 0
the EW condition), the constrained ∆(DM) must be calculated projecting the unconstrained
quantity ~∆(DM) into the subspace orthogonal to the G(θi) = 0 hypersurface in the {log θi}
space. In other words, we have to re-define the ~∆(DM) as
~∆(DM) → ~∆(DM) − 1
|~∆G|2
(~∆(DM) · ~∆G)~∆G , (4.32)
where
−−→
∆G ≡ {∂G/∂ log θi} ∝ ~∆(EW). This issue was first noted in Ref. [146], and subse-
quently in Refs. [145, 147, 148]. In light of this, we have calculated the p-value subject to
there exist electroweak symmetry breaking and a valid MSSM mass spectrum for the following
parameters,
Θi =
{
M1,M2, AE ,m
2
L3
,m2E3 ,m
2
Hu ,m
2
Hd
, AU ,m
2
Q, tan β
}
. (4.33)
We have evaluated then the fine-tuning to reproduce the DM relic abundance, ∆(DM), as
follows
∆
(DM)
θi
= (p−value)−1θi , ∆(DM) ≡ Max
∣∣∣∆(DM)θi ∣∣∣ . (4.34)
In Figure 11, we present our results for ∆(DM) as a function of mτ˜1 . Note that the DM
fine-tuning spans several orders of magnitude. There are a few points with (p−value)−1 . 10,
this is, with no significant DM tuning. As expected, the vast majority of solutions have a
∆(DM) above the sub-percent level or even as severe as the per-mil level. This is caused by
the LEP limit that bounds mτ˜1 from below depending on the neutralino mass, and hence
shrinking considerably the mτ˜1 interval for which Ωχ˜01h
2 ≤ Ω(obs)DM h2, as mentioned before.
We observe that, for a given mτ˜1 , ∆
(DM) can take a broad range of values as well. This
occurs because we are calculating ∆(DM) subject to fulfil all the potential constraints. In
consequence, when any θi parameter in Eq. (4.33) is varied to determine ∆mτ˜1 , we must
ensure, at each step as mentioned before, that there exist electroweak symmetry breaking
15Note that m2L3(LE) ≃ cm2L3
m2L3 + cM22M
2
2 , m
2
E3
(LE) ≃ cm2
E3
m2E3 + cM21M
2
1 and Aτ (LE) ≃ cAEAE +
cM2M2 + cM1M1.
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Figure 11: Fine-tuning to obtain Ωχ˜01h
2 ≤ Ω(obs)DM h2 as a function ofmτ˜1 for the solutions that fulfil
all the experimental constrains. The black solid line denotes the LEP bound for 20 GeV < mχ˜01 <
30 GeV. Cyan points represent solutions with ∆(DM) = ∆
(DM)
M2
, violet points depict solutions
with ∆(DM) = ∆
(DM)
m2
Hu
, whereas solutions with other main sources of ∆(DM) are displayed in blue.
and a valid MSSM mass spectrum. This is well highlighted by the fact that the main source
of ∆(DM) is M2 (see cyan points in Figure 11), which turns out to be the leading contribution
to the running of m2Hu and the squark soft masses, and the next-to-leading contribution to
the running of the left-handed slepton soft masses.16 As a result, M2 is the main parameter
to constrain ∆mτ˜1 through the EW symmetry breaking condition and a valid physical mass
spectrum, aside from the LEP limit and the DM relic density. Other parameters that have a
significant impact on ∆(DM) are m2Hu (violet points), AU , m
2
Q and M1(blue points).
4.4 Total estimation of the fine-tuning
Even if ∆(DM) alone could seem less severe than ∆(EW) for most of our solutions, we should
combine ∆(DM) with the tunings calculated in the previous sections in order to obtain a
total fine-tuning measure. Due to their common statistical interpretation (as p-values), these
quantities should be multiplicatively combined. As already pointed out, we have computed
∆(DM) considering that all constraints are fulfilled, so that we are allowed to directly combine
∆(DM) with the other fine-tunings without any redefinition of this quantity.
In Figure 12, we show the total estimation of the fine-tuning, ∆(tot), for the solutions that
16We remind the reader that we have considered M2 =M3.
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Figure 12: Total fine-tuning as a function of the lightest neutralino mass for the allowed solutions
considering all the relevant sources of fine-tuning. Solutions that suffer from the three fine-tunings
analysed here are shown in blue (∆(tot) = ∆(EW)×∆(mh)×∆(DM)), points that exhibit only EW
and DM tunings are depicted in cyan (∆(tot) = ∆(EW) ×∆(DM)) and finally solutions with only
∆(EW) are shown in violet.
fulfil all the experimental constraints. Points in blue undergo the three kinds of fine-tuning
computed along this section, points in cyan have ∆(tot) = ∆(EW) × ∆(DM), while those in
violet only suffer from ∆(EW). The latter are the least fine-tuned of our solutions, with ∆(tot)
at the per-mil level.
Summarising, we have addressed the naturalness issue taking into account all the potential
sources of fine-tuning in the MSSM. We have found that the electroweak fine-tuning and that
associated with the DM relic abundance are the main factors that contribute to the total fine-
tuning of the model analysed here. Adopting a p-value measure to quantify all the different
kinds of fine-tuning, it turns out that our results are severely tuned, with the minimum ∆(tot)
of O(103) that corresponds to the solutions that only undergo electroweak fine-tuning and
have neutralino masses above 32 GeV. Solutions featuring lighter neutralinos are even more
fine-tuned with ∆(tot) > O(104). Finally, let us remark that this would have gone unnoticed,
if we have only considered the EW fine-tuning (compare Figures 7 and 12).
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5 Conclusions
In this paper, we have presented the conditions in the SUSY soft terms for a general su-
pergravity theory to contain light neutralinos (mχ˜01 . 40 GeV). We have explored a 12-th
dimensional parameter space in order to find these solutions while fulfilling all current exper-
imental constraints from LHC, LEP, low energy observables, direct and indirect dark matter
searches. More specifically, we have applied the bounds on the Higgs mass and couplings
from the LHC, which are known to be very stringent in the MSSM, and the constraints on
the squarks and slepton masses from the LHC. From LEP, we have taken into account the
neutralino mass dependent lower bound on slepton and chargino masses. Finally, we have
used the latest determinations on the rare decays BR(Bs → µ+µ−) and BR(b→ sγ).
The spectrum of solutions found exhibit a definite pattern in the gaugino sector at the
GUT scale, 4 . M2/M1 . 12, with M2 = M3, highlighting that light neutralinos require a
very non universal scenario in this sector in order to fulfil the experimental constraints. This
is a consequence of the LHC bounds on squarks and sleptons and of the maximisation of
the bino component of the lightest neutralino. The third generation trilinear, AU , and tan β
parameters are very constrained by the Higgs boson properties which gives rise to a similar
conclusion to that found in the universal case. The pattern of the slepton soft masses is, in
general, very irregular but in most cases it lies below the TeV scale. Finally, we have found
the ratio between the two Higgs soft masses, mHu and mHd , remarkably close to one, and
hence light neutralino scenarios do not require large deviations from universality in the Higgs
sector.
The phenomenology associated with these light neutralinos is somewhat different to pre-
vious studies of the MSSM defined at the EW scale. The difference lies in the values of the
µ parameter which, in the scenarios found here, are above the TeV scale. Therefore, the
elastic scattering cross section (both SI and SD) of neutralinos off protons and neutrons are
far below the current sensitivities of the experiments, but generally above the neutrino floor.
On the other hand, the annihilation cross section of neutralinos in the halo, in spite of being
below the thermal value for an s-wave annihilator, it is in the ballpark of the Fermi-LAT
searches using the most recent Pass 8 reprocessed data from dSphs. The accumulation of
higher exposure would be a key piece to explore these models. Hence, we can conclude that a
hint in favour of these scenarios, regarding DM searches, would be the detection of a gamma
ray source from dSphs, while no signal would appear in direct detection experiments, at least
in the near future.
The complementarity between the LHC and DM searches is, in these cases, remarkably
important. We have shown that it would be possible to probe these scenarios with searches
for direct production of sleptons and charginos at the LHC. Some of the solutions found in the
29
reach of the LHC, would be really challenging for both direct and indirect detection of DM,
highlighting the importance of combining the different new physics search techniques. All in
all, one might expect that future runs could shed light on the survival, or even discovery, of
the scenarios presented in this work.
Finally, we have analysed the naturalness of the solutions allowed by the experimental
data, quantifying all the possible sources of tuning in the MSSM. First of all, we have calcu-
lated the electroweak fine-tuning which despite being controlled by the TeV scale µ parameter
can be as low as the percent level. Nevertheless, solutions with mt˜ around 1 TeV are also
subject to a tuning to match the measured Higgs mass, which is independent of that needed
to reproduce the EW scale. A very mild tuning when considered separately, but it should
be combined with the other sources of fine-tuning. There is also another delicate balance
required by the scenarios investigated here, that needed to obtain the correct DM relic abun-
dance, which relies heavily on the lightest RH-like stau mass and that could be of the same
order as the EW fine-tuning or even greater due to the LEP bound. When we combine all
these tunings, the final picture is a severely fine-tuned scenario with the least tuned solutions
at the per-mil level, i.e. O(0.1%), which are those that only undergo EW fine-tuning and
have neutralino masses above 32 GeV. Lighter neutralinos exhibit an even worse fine-tuning,
< O(0.01%). These findings highlight the importance of taking into account all the potential
fine-tunings of a model when looking for regions of the parameter space with as natural as
possible SUSY scenarios.
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